Abstract Aims/hypothesis: Despite differences in function and embryonic origin, pancreatic islet cells and neurons express proteins belonging to the tumour necrosis factor receptor superfamily. While neurons express the CD40 receptor, it is unknown whether islet cells also express it. We investigated CD40 expression in human and mouse pancreatic islets as well as in NIT-1 insulinoma cells. Methods: CD40 expression was studied by reverse transcriptase polymerase chain reaction, flow cytometry, immunohistochemistry and western blot. Responses mediated by CD40 were assessed by a luciferase gene reporter assay following stimulation with a CD40 agonist antibody. Results: We found that CD40 is expressed in mouse and human pancreatic islet cells. CD40 is expressed by beta cells, and its expression is upregulated by proinflammatory cytokines (IL-1β, IFN-γ and TNF-α). CD40 signalling in NIT-1 insulinoma cells activates nuclear factor kappa-B, demonstrating that CD40 is functional. Conclusions/ interpretation: We present evidence that, in addition to immune cell types, mouse and human pancreatic beta cells express CD40. Its expression is upregulated by proinflammatory stimuli, and signalling through this receptor activates NF-κB. We suggest that the effects of inflammatory stimuli that affect beta cell function and survival may be also mediated by signalling through the CD40 receptor. Thus, CD40 may have a role in processes associated with islet autoimmunity and transplantation.
Introduction
The CD40 receptor is a membrane glycoprotein that belongs to the tumour necrosis factor receptor (TNFR) family. Its natural ligand, CD40 ligand (CD40L or CD154), is a type II transmembrane protein and a member of the TNF-α protein family [1] [2] [3] . CD40 is expressed on the surface of B lymphocytes and antigen-presenting cells (APCs) and mediates costimulatory signals for T-lymphocyte activation [4] . During the course of an immune response, the T-cell receptor recognises the MHC/antigen on the surface of APCs. Antigen recognition is followed by the expression of CD40L on T lymphocytes. The interaction of CD40L with CD40 upregulates the expression of other costimulatory molecules on the surface of APCs. These include CD80 and CD86 [5, 6] , which interact with CD28 expressed by T cells [4, 7] . This cascade of events results in IL-2 production and T-cell activation. The critical role of CD40 in T-cell activation is well recognised also in the fields of transplantation [8] [9] [10] [11] and autoimmunity [12, 13] , and it has been confirmed using transgenic and knockout mice [14] . Interference with the CD40 pathway using blocking antibodies against CD40L inhibits the spontaneous development of diabetes in nonobese diabetic (NOD) mice and prolongs allogeneic islet graft survival in nonhuman primates in the absence of conventional immunosuppressive drugs [11, 13] . Similar findings have been obtained in other transplantation settings [8] [9] [10] . Moreover, the engagement of CD40 with its ligand CD40L can dramatically affect B lymphocyte survival, leading to either cell proliferation or death depending on whether stim-ulation is caused by foreign or self-antigens [15, 16] . CD40/CD40L have a role in isotype switching and somatic hypermutation as well [14] . CD40 expression has been reported in diabetogenic T cells and T-cell clones in the NOD mouse [17] .
Non-immune cell types such as endothelial cells [18] , thymic epithelial cells [19] , neurons [20] , normal and neoplastic thyroid cells [21] , carcinomas [22] , transformed cell lines [23] and pancreatic duct cells also express CD40 [24] . The effects of CD40 signalling in non-immune cell types are not fully understood. However, several reports indicate that signalling through the CD40 receptor can induce survival [25, 26] or growth inhibition and enhances apoptosis of various non-immune cell types [27, 28] .
Despite differences in function and embryonic origin, both pancreatic islet cells and neurons express proteins belonging to the TNFR superfamily, such as TNF-R1 and neuron growth factor receptor [29] [30] [31] [32] [33] . Since neurons express CD40, we hypothesised that islet cells can also express this member of the TNFR superfamily. In this study we investigated CD40 expression in mouse and human pancreatic islets and the NIT-1 insulinoma cell line.
Methods

Tissues and cells
We studied pancreata and islets from C57BL/6, BALB/c and NOD mice. Human islets were obtained from a pancreatic cadaver donor. NIT-1 insulinoma cells were obtained from the American Type Culture Collection (CRL 2055; ATCC, Manassas, VA, USA) and cultured according to ATCC instructions.
Islet isolation Methods for islet isolation from human and mouse pancreata have been previously described [34, 35] . Human islets were provided by the cGMP facility at the Diabetes Research Institute, University of Miami, and isolated following the automated method developed by Ricordi et al. [34] . Mouse islets were isolated as follows. Animals were sacrificed under general anaesthesia, the abdomen was opened, and the pancreas was exposed and injected with 0.8 mg/ml collagenase solution (SigmaAldrich, St Louis, MO, USA) through the main bile duct until full distension was achieved. The University of Miami Animal Care and Use Committee approved this procedure. The distended pancreatic tissue was then surgically removed and immersed in collagenase solution. Digestion was performed at 37°C for 17 min with gentle shaking. The enzyme kinetics were sharply slowed by adding cold Hanks' balanced salt solution supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). Mechanical disruption of the digested pancreatic tissue was achieved by repeated passages through a 14-gauge needle until complete release of free islets was observed under the microscope. The tissue was then filtered through a 450-μm screen. Islets were purified by centrifugation at 900 g for 11 min on discontinuous Euro-Ficoll gradients. This method routinely provided islets of >90% purity as assessed by dithizone staining (Sigma-Aldrich). Islets were counted and scored for size. An algorithm was used for the calculation of 150-μm-diameter islet equivalent number (IEQ). Experiments were performed using handpicked islets.
RNA extraction and cDNA synthesis Total RNA was isolated using the RNAeasy kit (Qiagen, Los Angeles, CA, USA). Samples were treated with DNAse I (Ambion, Austin, TX, USA) to remove traces of contaminating genomic DNA. The cDNA synthesis was carried out with oligo(dT) and SuperScript II reverse transcriptase enzyme (Invitrogen, Chicago, IL, USA).
Quantitative real-time polymerase chain reaction Mouse islet cDNA was amplified using a set of forward (CD40F) and reverse (CD40R) primers specific for exons 7 and 9, respectively (CD40F: TGGTCATTCCTGTCGTGATG; and CD40R: GGCTCTGTCTTGGCTCATCT). Reactions in which the reverse transcriptase enzyme was omitted were included as negative control. To determine the proper parameters for the acquisition of the fluorescence data, we performed a preliminary melting curve analysis. The melting curve analysis was carried out by heating to 95°C, cooling to 55°C at 20°C/s, followed by heating to 94°C at a much slower rate of 0.2°C/s and acquiring fluorescence continuously. This analysis allows us to determine the melting temperatures specific for the PCR product of interest. Fluorescence data were collected at 1.5°C below the melting temperature (T m ) of the specific product to avoid the contribution of the fluorescence generated by nonspecific products. The identity of the PCR products was verified by electrophoresis on 1% agarose gels. PCR amplifications were performed in a fluorescence temperature cycler (LightCycler; Roche Molecular Biochemicals, Indianapolis, IN, USA) in a final volume of 20 μl containing 3 mmol/l MgCl 2 , 0.5 μmol/l of each primer, 2 μl of ready-to-use reaction mix 10×DNA Master SYBR Green I (Roche Molecular Biochemicals) and the template. The reaction was preincubated for 5 min at room temperature with 0.55 μg of TaqStart antibody (Clontech, Palo Alto, CA, USA). The amplification programme was as follows: transition rate of 20°C/s for all steps involved; 1 cycle of denaturation at 94°C for 1 min; 45 cycles of denaturation at 94°C for 5 s, annealing at 55°C for 5 s, and extension at 72°C for 10 s; acquisition of fluorescence by heating to 87°C for 1 s. The melting curve analysis was carried out by heating to 95°C, cooling to 55°C at 20°C/s, followed by heating to 94°C at a much slower rate of 0.2°C/s, and acquiring fluorescence continuously.
PCR of cDNA from human sorted beta cells PCR amplification of human CD40 transcripts was performed with forward primer ACAAATACTGCGACCCCAAC (spanning exons 3 and 4) and reverse primer AAAGACCAGC ACCAAGAGGA (exon 7). The PCR conditions were 1 cycle for 1 min at 95°C, 40 cycles of 30 s at 95°C, 45 s at 55°C, and 45 s at 72°C. A final elongation of 3 min was performed at 72°C.
The amplicon of 404 bp was cleaved by StuI, generating fragments of 104 and 300 bp. Reactions in which the reverse transcriptase enzyme was omitted were included as negative controls.
Immunohistochemistry NIT-1 cells were grown to confluence in chamber slides, washed with PBS, and fixed in formalin. Cells were stained using the ABC staining kit according to the manufacturer's instructions (Santa Cruz Biotechnology, Santa Cruz, CA, USA) with 5 μg/ml rabbit antimouse CD40 polyclonal antibody (L-17; Santa Cruz Biotechnology) as primary antibody. Negative controls included sections that were stained with an isotype control antibody and sections that were incubated with the secondary but not the primary antibody.
Immunofluorescence of mouse tissue The pancreata from NOD, C57BL/6 and BALB/c mice were fixed in Bouin's solution (Sigma-Aldrich) and embedded in paraffin. Tissue sections were incubated with 5 μg/ml of CD40 polyclonal antibody (rabbit antimouse) followed by an AlexaFluor488-conjugated goat antirabbit secondary antibody (Molecular Probes, Eugene, OR, USA). In double-staining experiments, sections were also stained with a guinea pig antiporcine insulin antibody (Zymed Laboratories, South San Francisco, CA, USA) or with a mouse antiporcine glucagon monoclonal antibody (mAb; K79bB10; SigmaAldrich) that cross-react with mouse insulin and glucagon, respectively. Insulin or glucagon staining was revealed by incubation with secondary antibody AlexaFluor568-conjugated goat anti-guinea pig and goat antimouse, respectively. Control reactions included staining with isotype controls and omission of the primary antibody, as well as mismatched combinations of primary and secondary antibodies. Immunofluorescence was analysed by confocal microscopy using a Zeiss LSM-510 laser scanning microscope (Carl Zeiss, Thornwood, NY, USA).
Immunostaining of human pancreatic tissue and isolated islets Pelleted human islets or human pancreas was snapfrozen in OCT (Sakura Finetek, Torrance, CA, USA) and sectioned. Sections were dried and washed in PBS prior to fixation in Histochoice Tissue Fixative (Amresco, Solon, OH, USA). After washing in PBS the samples were treated with Universal blocker (Biogenex, San Ramon, CA, USA) to prevent non-specific reactions. Sections were incubated with a mouse antihuman CD40 mAb (MAB89; BeckmannCoulter, Hialeah, FL, USA), washed and incubated with a secondary goat antimouse Alexa Fluor488 conjugate. The staining for either insulin was performed following the same protocol, using goat antirabbit Alexa Fluor568 conjugate as secondary antibody.
Flow cytometry One million NIT-1 cells or mousedissociated islet cells were incubated with 1 μg/100 μl fluorescein isothiocynate (FITC)-conjugated hamster antimouse CD40 mAb (HM40-3; BD/Pharmingen, San Diego, CA, USA) for 30 min on ice, washed, and evaluated by flow cytometry. Mouse and human islets were dissociated into single-cell suspensions by incubating aliquots of approximately 500-1,000 IEQ in 1 ml of an Accutase solution (Innovative Cell Technologies, San Diego, CA, USA) at 37°C for 5-15 min and subsequently dispersed by gentle pipetting. Human islet cells were incubated with 1 μmol/l Newport green (NG) (Molecular Probes) for 30-60 min at 37°C in PBS without Ca 2+ and Mg 2+ . After washing, cells were incubated on ice for 20 min with anti-CD40 conjugated to allophycocyanin (APC) or anti-CD40-phycoerythrin (HB14; Caltech, CA, USA; and clone MAB89, Beckmann-Coulter), respectively. Finally, cells were stained with 7-aminoactinomycin D (7-AAD; Invitrogen, La Jolla, CA, USA) at a concentration of 10 μg/ml. The DNA-binding dye 7-AAD is capable of staining dead cells, thus allowing for their selective exclusion. Flow cytometry analysis was performed using the CellQuest software on a FACScan instrument (Becton Dickinson, Mountain View, CA, USA).
Incubation of human islets with proinflammatory cytokines
Handpicked human islets were treated overnight with a combination of IL-1β (5×10 4 U/l), IFN-γ (10 6 U/l) and TNF-α (10 6 U/l). Islets were washed, dissociated and analysed by flow cytometry as described above.
Cell sorting After dissociation into single-cell suspensions, islet cells were stained with NG and 7-AAD. Cell sorting was performed by using a FACSvantage (Becton Dickinson). NG-bright and NG-dim/negative subsets were obtained.
Western blot Highly purified C57BL/6 islets and NIT-1 cells were washed with cold PBS and lysed in 2% SDS, Tris-HCl 60 mmol/l (pH 6.8) buffer, incubated at 95°C, sonicated in a water bath at 37°C and centrifuged at high speed for 10 min. Assessment of the total protein content was carried out with the BCA detection kit (Pierce Biotechnology, Rockford, IL, USA). Aliquots corresponding to 50 μg of protein were subjected to electrophoresis on a 12% SDS-PAGE pre-cast gel (Bio-Rad, Hercules, CA, USA) and transferred electrophoretically to an Immobilon polyvinylidene difluoride membrane. The membranes were incubated with 5% non-fat dry milk in TBS (20 mmol/l Tris, 500 mmol/l NaCl, pH 7.5) overnight at 4°C to block non-specific binding. Subsequently, the membranes were immunoblotted with 1:200 rabbit antimouse CD40 polyclonal antibody (L-17; Santa Cruz Biotechnology) followed by incubation with a secondary antirabbit horseradish peroxidase-conjugated antibody and chemiluminescent detection (Amersham Biosciences, San Francisco, CA, USA). The same membranes were stripped and re-probed with an antimouse beta-actin antibody 2066 (Sigma-Aldrich).
NF-κB reporter gene assay NIT-1 aliquots of 3.0×10 4 cells were seeded in 96-well flat-bottomed plates. After 24 h, NIT-1 cells were transiently cotransfected with two different luciferase reporter plasmids: pNFκB-Luc (BD Biosciences/Clontech) that contains four copies of the κB binding element upstream of the promoter region driving the firefly luciferase expression, and the reporter plasmid phRL-TK, that also encodes for the luciferase enzyme from Renilla reniformis under the control of the constitutive promoter from thymidine kinase (Promega, Madison, WI, USA). Transfection was performed using the Fugene 6 reagent (Roche Biochemicals) with a 3:1 ratio of liposomes to DNA. After 24 h, control cells were left untreated, and the rest were incubated in the presence of an agonistic antimouse CD40 mAb (HM40-3, 10 μg/ml) or an isotype-matched antibody (G235-1, 10 μg/ml). As a positive control, cells were also treated with TNF-α (10 6 U/l; Roche Biochemicals). After 2 h of incubation at 37°C, lysates were prepared with the Dual-GLO-luciferase assay system according to the manufacturer's instructions (Promega). Luciferase activities were measured in a luminometer (Wallac 1420 Victor 2 ; Perkin-Elmer, Fremont, CA, USA). Luminescence measurements were integrated over a period of 10 s/well. Ratios of firefly to renilla luciferase activities are expressed as relative to the activity of the transfected, non-activated control cells.
Statistical analysis When appropriate, results were analysed by Student's t-test. Group comparisons were performed using one-way ANOVA and Dunnett's method for a posteriori contrasts using Sigma-Stat 2 software. Values of p<0.05 were considered statistically significant.
Results
CD40 mRNA is expressed in mouse islets and NIT-1 cells
To investigate whether the CD40 gene is transcribed in mouse pancreatic islets and in the NIT-1 insulinoma cell line, we isolated total RNA from handpicked NOD and C57BL/6 islets and NIT-1 cells. For NOD mice, we used 4-week-old animals to avoid the potential contribution to CD40 expression associated with the presence of infiltrating immune cells. Quantification of CD40 transcripts using real-time PCR revealed that the CD40 transcript is present in islets, and its levels of expression were comparable among NOD, C57BL/6 islets and NIT-1 cells (Fig. 1a, b) . The identity of the RT-PCR product was confirmed by cleaving the amplicon with restriction enzyme NciI, generating fragments of the expected sizes (145 and 210 bp, Fig. 1a, inset) . Figure 2a shows that CD40 protein expression is detectable in both mouse pancreatic islets and NIT-1 cells by western blot. We also used immunohistochemistry to assess CD40 protein expression in mouse pancreatic sections and NIT-1 cells. Using the anti-CD40 polyclonal antibody L17 we observed specific staining in NIT-1 cells (Fig. 2b) . Omitting primary antibody, staining was not observed (Fig. 2c) . Isolated islets and islets in pancreatic tissue sections stained positive for CD40 (Fig. 2d, e) . Preabsorption of the antibody with its target peptide completely prevented staining. Similar results were obtained with the antimouse CD40 mAb HM40-3 followed by an FITC-conjugated secondary antibody (data not shown). To define which mouse islet cell types express CD40, we used doubleimmunofluorescence staining. As shown in Fig. 3 , laser confocal microscopy revealed that CD40 protein expression clearly colocalised with insulin but not with glucagon. We did not observe any appreciable differences in the staining patterns in pancreatic tissue sections from male or female C57BL/6, BALB/c or NOD mice (data not shown).
CD40 protein is expressed by mouse beta cells
CD40 receptor is expressed on the surface of mouse islet cells
Having demonstrated CD40 protein expression, we hypothesised that this receptor molecule may be present on the surface of islet cells. To test this hypothesis we analysed dissociated mouse islet cells and NIT-1 cells after incubation with the antimouse CD40 mAb HM40-3, directly conjugated with FITC (Fig. 4) . Flow cytometry analysis revealed no staining with an isotype control antibody, while 58-85% of the dissociated islet cells and most of the NIT-1 cells exhibited surface staining for CD40. CD40 is expressed by human beta cells We investigated whether the CD40 gene is also expressed in purified human islets following isolation with standard procedures. To ensure that we had pure preparations of islet cells, we stained islets with NG and 7-AAD, so that live beta cells could be identified and sorted [36] . NG-positive sorted cells are mostly (90%) beta cells as assessed by insulin staining of sorted cells using immunohistochemistry (H. Ichii, unpublished observations). Similar to our findings in mouse islets, we detected CD40 transcripts in sorted human beta cells (Fig. 5a, inset) . The identity of CD40 amplicon was confirmed by cleaving the 404-bp product with the restriction enzyme StuI, generating the expected fragments of 104 and 300 bp (data not shown). We then assessed CD40 protein expression in isolated human islets by double-immunofluorescence staining. As shown in Fig. 5b , CD40 expression is detected by antibody staining and colocalises with insulin staining. Figure 5a demonstrates that CD40 is expressed on the Fig. 2 Analysis of mouse CD40 expression by western blot and immunohistochemistry. a CD40 expression was analysed by Western blot on samples of C57BL/6 pancreatic islets and NIT-1 cells. The same gel was stripped and used for staining with a mouse antibody against actin, to ensure similar amounts of proteins were transferred and used for analysis. The locations of 52-and 38-kDa protein markers are noted. Representative data from three experiments are shown. b NIT-1 cells were stained with a rabbit polyclonal antibody against CD40 and a biotinylated secondary antibody using the immunoperoxidase method and a streptavidin peroxidase conjugate DAB as a substrate. c NIT-1 cells stained in the absence of the primary antibody. d Paraffin sections of C57BL/6 isolated islets and pancreatic tissue (e) were stained with the same antibody followed by a secondary antibody conjugate with AlexaFluor488. Original magnification (b, c, d, e) ×20. Representative data from five experiments are shown. surface of human islet cells that are 7-AAD-negative and NG-bright. Staining was observed with the antihuman CD40 mAb HB14 conjugated with APC and with the anti-CD40 mAb MAB89 (data not shown). Thus, sorted islet cell populations highly enriched in beta cells expressed the CD40 transcript (Fig. 5a, inset) and protein, which, consistent with its receptor function, is expressed on the cell surface.
CD40 expression is upregulated by proinflammatory cytokines We treated human islets with a combination of proinflammatory cytokines that are reportedly associated with beta cell damage in autoimmune diabetes [37, 38] . Overnight incubation with a combination of IL-1β (5×10 4 U/l), IFN-γ (10 6 U/l) and TNF-α (10 6 U/l) upregulated CD40 expression in human beta cells (7-AADnegative/NG-bright positive) as shown by an increase in the median fluorescence intensity from 37.5±2.9 in control cells to 67.3±6.8 in the cytokine-treated cells (p=0.02) (Fig. 5a ).
CD40 receptor is functionally active CD40 signalling is known to activate the NF-κB transcription factor [14] . To investigate whether CD40 is functionally active in beta cells, we assessed NF-κB activation upon CD40 stimula- tion. NIT-1 cells were transiently transfected with a luciferase reporter gene fused to a minimal thymidine kinase promoter that was preceded by four NF-κB consensus binding sites arrayed in tandem. As shown in Fig. 6 , activation of the CD40 receptor by incubation with the agonistic mouse anti-CD40 mAb HM40-3 resulted in NF-κB activation.
Discussion
In the present study we demonstrate that CD40 is expressed in human and mouse pancreatic islets and in NIT-1 insulinoma cells. RT-PCR rendered CD40 amplicons from sorted human beta cells, purified NOD and C57BL/6 islets and NIT-1 cells. CD40 was also expressed at the protein level as demonstrated by immunohistochemistry and immunofluorescence. The observed colocalisation with insulin indicates that CD40 is expressed by beta cells in all mouse strains studied and in humans. The lack of colocalisation of CD40 and glucagon in mouse pancreatic tissue sections suggests that alpha cells do not express CD40.
We used flow cytometry to demonstrate that, consistent with its receptor function, CD40 was present at the cell surface. This was shown for both mouse and human islets. Agreeing with the double-immunofluorescence data, surface staining was observed in human islet cell preparations highly enriched in beta cells by staining with Newport green.
CD40 expression was upregulated by incubation of islets with a cocktail of cytokines which are known to be associated with autoimmune beta cell damage. Our finding that CD40 expression in human pancreatic beta cells is modulated by cytokines corroborates a previous report from Cardozo et al. [39] describing CD40 as one of the genes being activated by cytokines in primary rat beta cells. Furthermore, our data in NIT-1 cells suggest that islet cells express a functional CD40 receptor, the triggering of which results in activation of NF-κB. This is a well-known consequence of CD40 signalling. Indeed, CD40 and other members of the TNFR family lack intrinsic kinase activity in the cytoplasmic tail, but propagate signals by associating with TNFR-associated factors (a family of adaptor proteins) [14] which in turn activate NF-κB and the AP-1 transcription factor complex.
It was recently reported that CD40 is expressed in human pancreatic duct cells but not in islets when expression was analysed by immunohistochemistry on pancreatic sections [24] . Our data demonstrating CD40 expression in human beta cells after isolation (as assessed by RT-PCR, double-immunofluorescence staining of isolated human islets and flow cytometry) suggest that CD40 expression in human beta cells may be induced by the manipulation associated with the islet isolation process. In addition, we show that incubation with cytokines increases CD40 expression by human beta cells. However, CD40 was constitutively expressed in mouse islets. Thus, our data highlight a possible difference in CD40 expression between mouse and human islets, and suggest that its expression is responsive to selected stimuli.
The above findings imply a potentially important role for islet cell CD40 expression in both physiological and pathophysiological conditions. In particular, human islet cell responsiveness to cytokines suggests that CD40 expression may play a significant role during inflammatory conditions such as the development of autoimmune diabetes or in the transplantation setting. Perhaps CD40 expression by islets can play a role similar to that of other costimulatory molecules. For example, the transgenic expression of the costimulatory molecule B7-1 on the surface of beta cells results in accelerated diabetes in NOD mice [40, 41] . Transgenic mice expressing B7-1 and the lymphocytic choriomeningitis virus (LCMV) glycoprotein in islets and having T cells with a glycoprotein-specific T-cell receptor develop autoimmune diabetes following exposure to LCMV [42] . Mice expressing B7-1 and human HLA-DQ molecules associated with increased diabetes risk also develop autoimmune diabetes [43] . It is therefore plausible that the constitutive and selective expression of CD40 on the surface of beta cells may contribute to autoimmunity by providing costimulatory signals to infiltrating lymphocytes. In light of our findings, the inhibition of spontaneous diabetes reported in NOD mice treated with anti-CD154 antibody (anti-CD40L) [13] might be explained not only as a result of costimulatory blockade in APCs but also in beta cells. Likewise, blockade of the CD40 pathway promotes islet allograft survival in rodent transplantation models [44] , and this effect could be partially dependent on the blockade of CD40 signalling in beta cells.
Further studies will be necessary to fully assess the potential role of CD40 in the mediation of proinflammatory signals. CD40 knockout mice have been generated [45] , and these mice are functionally deficient in CD40 function in all the cells that express CD40. Therefore, these mice are not suitable to selectively study the effects of CD40 expression and its inhibition in beta cells and immune cells. The generation of knockout mice selectively lacking CD40 expression in either islets or bone marrow-derived cells and backcrossing into NOD mice will be required to better characterise the functional role of CD40 expression in pancreatic beta cells, a phenomenon that was previously unrecognised.
